Tuning of competing magnetic and superconducting phase volumes in 
LaFeAsO0.945F0.055 by hydrostatic pressure 
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The interplay between magnetism and superconductivity in LaFeAsO0.945F0.055 was studied as 
a function of hydrostatic pressure up to p ~ 2.4 GPa by means of muon-spin rotation (yitSR) 
and magnetization measurements. The application of pressure leads to a substantial decrease of 
the magnetic ordering temperature In and a reduction of the magnetic phase volume and, at 
the same time, to a strong increase of the superconducting transition temperature T c and the 
diamagnetic susceptibility. From the volume sensitive /iSR measurements it can be concluded that 
the superconducting and the magnetic areas which coexist in the same sample are inclined towards 
spatial separation and compete for phase volume as a function of pressure. 

PACS numbers: 76.75.+i, 74.25.Ha, 74.62.Fj, 74.70.Xa 



The interplay between superconductivity and mag- 
netism in high-temperature superconductors (HTS) re- 
mains an important open issue. In cuprate and Fe-based 
HTS the superconductivity can be induced in a magnetic 
parent compound by charge doping and/or by pressure 
(chemical or external). In most cuprate HTS the trans- 
formation from the magnetic into the superconducting 
state follows an almost common scenario. On increasing 
the doping level the antifcrromagnctically ordered phase 
develops into a purely superconducting state through a 
region where a spin-glass type of magnetism coexists with 
superconductivity pj-y]- The situation with Fe-based 
HTS is, somehow, different. For some families of Fe- 
based HTS like e.g. SmFeAsOi-^F^,, Ba(Fei_ x Co K ) 2 As, 
and FeSei-^Te^, the magnetism is continuously sup- 
pressed and superconductivity enhanced by changing the 
F, Co, or Se content. In the intermediate region, bulk 
magnetism and bulk superconductivity are coexisting in 
space 0-0] ■ I n Bai_ a; K a ;Fe2As2 the magnetic and the 
superconducting areas are found to be separated micro- 
scopically as revealed, e.g., by atomic force microscopy 
experiments Q. 

One of the most interesting cases is realized in the 
LaFeAsOi-zFj; family of Fe-based HTS demonstrating 
an abrupt (first order like) transition between the mag- 
netic and the superconducting phases. Muon-spin rota- 
tion (/xSR) and Mossbaucr experiments show that above 
a certain x the samples become purely superconducting 
without visible traces of magnetism [9( . Such a behavior 
seems to be rather different from the one observed for 
the other structurally related families of Fe-based HTS 
in which the La atom is replaced by Sm, Pr, Ce, etc. 
All of them demonstrate a coexistence between super- 
conductivity and magnetism for a certain doping level 
@, IE E3] ■ Consequently the question if a similar coex- 
istence is present in LaFeAsOi-^F^ but within a much 



narrower, up to now not detected, doping region or if an 
abrupt change between the superconductivity and mag- 
netism is a unique property of this particular family of 
Fe-based HTS needs to be resolved. 

Hydrostatic pressure experiments on 

LaFeAsO0.945F0.055, which is at the border to the 
superconducting state but still magnetic, were per- 
formed to distinguish between two above mentioned 
possibilities. This approach allows to follow the trans- 
formation of the material from the magnetic to the 
superconducting state in detail on one sample, i.e. 
without the necessity to synthesize a large number of 
samples with exactly defined stoichiomctry near the 
phase boundary. Our measurements show that both the 
magnetic and superconducting states arc most probably 
spatially separated in the crossover region of the phase 
diagram and compete for phase volume. 

The sample with the nominal composition 
LaFcAsO0.945F0.055 was prepared in cubic anvil 
high-pressure cell from the stoichiometric mixture of 
LaAs, FeAs, Fe203, Fe and LaF 3 [ll|. A pressure of 
~ 3 GPa was applied at room temperature. By keeping 
the pressure constant, the temperature was first ramped 
up to the maximum value of 1320°C, kept constant for 
5.5 h and then quenched to room temperature within a 
few minutes. 

The superconducting properties of LaFcAsO0.945F0.055 
were studied by magnetization experiments. The zero- 
field-cooled and field-cooled (FC and ZFC) DC mag- 
netization measurements up to p ~ 1.1 GPa were per- 
formed by using the commercial SQUID magnetometer 
(MPMS-XL7) and a piston-cylinder CuBe pressure cell 
("EasyLab Mcell 10", [H). The AC experiments up 
to p ~ 2 GPa were performed by using a home-made 
AC magnetometer (AC frequency v = 72 Hz, AC field 
amplitude fioH ac — 0.1 mT). The two pick-up and the 
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excitation coils were wound directly around the pressure 
cell made from MP35N alloy. The sample and the small 
piece of In, used as the pressure indicator, were located 
inside the different pick-up coils. Note that the AC exper- 
iments within the present geometry (the coils wounded 
outside the pressure cell) require separate measurements 
of the background signal from the empty cell. For this 
particular sample, due to the very small superconducting 
response at ambient pressure (see the discussion below), 
the AC magnetization data measured at p = 0.0 GPa 
were used as the background signal. 
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FIG. 1: (color online) AC (solid curves) and ZFC [ioH = 
5 mT DC (open symbols) susceptibility curves as a function 
of temperature for different pressures of LaFeAsO0.945F0.055- 
The transition temperature T c is determined by the intersect 
of the linearly extrapolated magnetization curve with the zero 
line. The superconducting transition of pure indium used as 
a pressure indicator in the AC magnetization experiment is 
highlighted by the oval for the highest pressure. 

The results of the magnetization studies arc presented 
in Fig. [T] At ambient pressure the diamagnctic suscepti- 
bility at T ~ 3.5 K [x(3.5 K)] reaches approximately 1% 
of its ideal value (%id = — l/47r). This suggests that the 
superconductivity at p — 0.0 is just filamentary and it is 
present only within a small volume of the sample. With 
increasing pressure both, the onset temperature of the 
superconducting transition T c [determined from the in- 
tersect of the linearly extrapolated x[T) in the vicinity of 
T c with the zero line, see Fig.[T] and the low-temperature 
value of the diamagnctic response (— 47r%), increase quite 
substantially. According to Fig. [TJ the increase of the 
external pressure from p = 0.0 to 2.02 GPa leads to the 
shift of T c from ~7 to ~16 K and to an increase of — Airx 
from ~1 to ~ 35%. An additional set of DC magneti- 
zation measurements at p ~ 1.1 GPa show that the dia- 
magnetic response reduces by a factor 2 for an applied 
field of 1 mT in ZFC and to a value of 4ttx ^ -0.05 in 
HoH = 5 mT FC experiments, respectively (both are not 
shown). Such differences, which could be caused by the 



effect of pinning and the presence of weak links between 
the superconducting areas, do not permit a reliable eval- 
uation of the genuine superconducting volume. One may 
only conclude that the superconducting volume fraction 
increases with increasing pressure but is always smaller 
than the whole sample volume. 

The magnetic properties of LaFeAsO0.945F0.055 were 
studied in zero-field (ZF) muon-spin rotation experi- 
ments. Pressures up to ~ 2.4 GPa were generated in 
a double wall piston-cylinder MP35N cell. Few repre- 
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FIG. 2: (color online) Temperature dependence of the mag- 
netic volume fraction of LaFeAsO0.945F0.055 at various pres- 
sures. The insets show the ZF muon-time spectra at p — 0.0 
and 2.36 GPa. The solid lines are fits by means of Eq. {l}. 
The dotted lines represent the response of the pressure cell. 

scntativc muon-time spectra measured at p = 0.0 and 
2.36 GPa are shown in the insets of Fig. [2] The data 
were analyzed by decomposing the signal on the contri- 
bution of the sample and the pressure cell as: 



A(t) = A s (0) P s (t) + Apc(0) Ppc(t). 



(1) 



Here ^4s(0) and Apc(0) are the initial asymmetries and 
Ps{t) and Ppc{t) are the muon-spin polarizations be- 
longing to the sample and the pressure cell, respectively. 
Ppc(i) was measured in an independent experiment. The 
response of the sample was assumed to consist of a mag- 
netic and a nonmagnetic contribution and described as: 
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Here ui is the relative weight (volume) of the magnetic 
fraction. A m ,;, A m> ti and A TO ,t2 are the exponential de- 
polarization rates representing the longitudinal (1/3) and 
the transversal (2/3) relaxing components within the 
parts of the sample being in the magnetic state. Two 
components within the curly brackets account for con- 
tributions of two different muon stopping sites 13( with 



the relative weight £ and (1 — Q, respectively. A pm is 
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the relaxation within the parts of the sample remaining 
nonmagnetic. The exponential character of this relax- 
ation instead of normally expected Kubo-Toyabe kind of 
behavior 14| is probably caused by the presence of the 
small amount of magnetic impurities, similar to the one 
observed in the so called '11' family of Fe-based HTS (see 
e.g., Refs. 0, El)- For each particular pressure the whole 
set of the data was fitted simultaneously with j4g(0), 
^pc(O), C an d the ratio A m tl /A m t2 as common and uj, 
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and A pm as individual parameters for each 



temperature point. The solid lines in the insets of Fig. [5] 
represent the result of the fit. The contribution from the 
cell at T — 5 K is shown as a dotted line. 

The main panel of Fig. [2] shows the dependence of the 
magnetic fraction ui on temperature for p = 0.0, 0.5, 1.16, 
and 2.36 GPa. Two important points needs to be consid- 
ered. First of all, the magnetic volume fraction at each 
particular temperature is lowered by the application of 
pressure. Most noteworthy, with increasing pressure an 
increasingly large part of the sample remains in the para- 
magnetic state down to lowest temperatures. Second, the 
magnetic ordering temperature Tn, defined as the tem- 
perature where the magnetic fraction reaches 50% of its 
maximum low-temperature value, initially decreases with 
increasing pressure but then demonstrates a tendency to 
saturate. w(T) curves at p = 1.16 1.92 (not shown) and 
2.36 GPa being normalized to their values at T ~ 5 K 
become almost identical. 

In order to compare the influence of the pressure 
on the superconducting and the magnetic properties of 
LaFeAsO0.945F0.055 the dependences of Tn, T c , uj, and 
4-7TX as a function of p are plotted in Fig. [3] The decrease 
of Tn and uj is associated with the corresponding increase 
of T c and iirx- By applying a pressure of 2.36 GPa, Tn 
decreases from 44 K to 27 K, while T c more than doubles 
from ~7 K to ~16 K upon the application of 2.02 GPa. 

It should be noted here that the above presented data 
are pointing to a competition of superconductivity and 
magnetism, but alone do not allow to answer the ques- 
tion on how these two forms of order coexist within the 
LaFeAsO0.945F0.055 sample. There are three possible sce- 
narios. The first one is the so called phase separation 
scenario according to which the superconductivity devel- 
ops just within the parts of the sample remaining non- 
magnetic down to low temperatures. Such a phase sepa- 
rated coexistence was observed, e.g., in Bai_ 2 ,K 2; Fe2As2 
[3, [l6| . The second possibility is an atomic coexistence 
of the superconducting and magnetic order parameters, 
which is consistent with models proposed in Refs. [171, lla 
and most probably realized within the so-called Tl' fam- 
ily of Fe-based HTS @, [T|. The third possibility is a 
nanoscale segregation into magnetic domains, similar to 
that reported for cuprate HTS @, E3, EH- In under- 
doped cuprate HTS, static, short-range, stripe-like mag- 
netic correlations are thought to exist in the supercon- 
ducting state and are assumed not to affect the supercon- 
ducting carriers Q • Muons are sensitive to dipolar fields 
at a distance of up to a few lattice spacings, so if nano- 
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FIG. 3: (color online) (a) Dependence of the magnetic or- 
dering temperature Tn and the superconducting transition 
temperature T c on pressure. The closed and the open cir- 
cles correspond to T c as obtained in AC and DC magneti- 
zation experiments, respectively, (b) The magnetic fraction 
at T — 5 K and ZFC diamagnetic susceptibility —^tt\ at 
T — 3.5 K, noH — 5 mT as a function of pressure. The 
closed and the open circles refer to the data obtained in AC 
and DC magnetization experiments, respectively. The lines 
are guide for the eye. 



scale magnetic domains exist then the fraction of muons 
experiencing static local magnetic fields could be signifi- 
cantly higher than the fraction of Fe sites carrying an or- 
dered moment. Such type of coexistence was found to be 
realized within the SmFeAsOi ^F^ and CeFeAsOi_ K F x 
families of Fe-based HTS HEi 

Since the muon is a local probe, the /iSR signals from 
spatially different areas of the sample are not averaged 
but superimposed in the measured spectra. This feature 
allows to distinguish between the three above mentioned 
scenarios. As discussed above, the ZF-^tSR response of 
the magnetic areas of the sample is characterized by a fast 
relaxing signal visible at early times of the spectra, while 
a non-magnetic volume shows slow relaxation, better vis- 
ible at longer times, only. In Fig. HI two ZF muon-time 
spectra taken at the same temperature (T = 2.6 K) and 
pressure (p = 2.36 GPa) with different magnetic histories 
are shown. The first muon-time spectra was recorded af- 
ter cooling the sample from T ~ 100 K to 2.6 K in zero 
magnetic field. By keeping the temperature constant, 
the second ZF spectra was obtained after ramping the 
magnetic field up to /10-ff ~ 0.1 T and then setting it 
back to zero. Apparently, the ZF-/1SR response of the 
magnetic areas of the sample, as evidenced by the iden- 
tically fast relaxations A m t i and A m ^2 at early times of 
the spectrum (see Fig.Hfc and Table UJ, is not affected by 
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the magnetic history. On the contrary, the ZF-/1SR sig- 
nal representing the non-magnetic volume of the sample 
exhibits a strongly larger relaxation A pm after the appli- 
cation of an external field at low temperatures (see Fig. 2]; 
and Table This indicates that the superconductivity 
is most probably located within the non-magnetic areas 
of the sample, since any changes of the magnetic field 
within a superconductor with non-zero pinning leads to 
trapping the magnetic flux and, as a consequence, to a 
very nonuniform field distribution inside the supercon- 
ducting parts of the sample 22|. 

Our results point to a strong difference between 
LaFeAsOi-zFa; and the structurally related families of 
Fe-bascd HTS with the La atom substituted by other rare 
earths elements like Sm, Ce, Pr, Nd etc. In these families 
bulk magnetism and bulk superconductivity are found to 
coexist on the nanoscale level [H [l(| ■ The magnetiza- 
tion and /iSR experiments reveal that in LaFeAsOi-^F^, 
the magnetism and superconductivity are not coexisting 
over the whole sample volume, i.e. this system is inclined 
towards phase separation. The reduction of the magnetic 
interaction and the simultaneous appearance of super- 
conductivity indicate a much stronger competition of the 
two ordered parameters. 



leads to a substantial decrease of Tn and reduction of 
the magnetic phase volume and, at the same time, to a 
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FIG. 4: (color online) (a) The ZF /iSR time spectra obtained 
after cooling the sample in zero magnetic field from T ~ 100 K 
down to 2.6 K (red symbols) and after sweeping the magnetic 
field to 0.1 T and then setting it back to 0.0 without changing 
the temperature (black symbols). The panels (b) and (c) show 
the extended parts of the muon-time spectra at the lower and 
the higher time, respectively. The solid lines are fits by means 
of Eq. CEJ. 

In conclusion, the interplay between magnetism and 
superconductivity was studied in LaFeAso.945Fo.055 by 
performing muon-spin rotation and magnetization exper- 
iments as a function of pressure up to p ~ 2.4 GPa. 
At ambient pressure the sample is purely magnetic, 
but at the border to the superconducting state of 
LaFcAs0i_2;F x . The application of hydrostatic pressure 
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ZFC 


19.7(2.7) 


1.28(14) 


0.165(26) 


ZFC^O.l T^ZF 


18.4(3.5) 


1.20(28) 


1.20(36) 



TABLE I: Parameters as extracted from the fit of Eq. {T} to 
the muon-time spectra obtained after cooling the sample from 
T ~ 100 K to 2.6 K in zero magnetic field (ZFC) and after 
ramping the magnetic field up to /j,qH ~ 0.1 T and setting 
it back to zero (ZFC^O.l T^ZF). As, A PC , C and w were 
assumed to be the same for both spectra. 



Magnetic history dependent ZF-/1SR measurements show 
that superconductivity most probably develops in the ar- 
eas of the sample that are non-magnetic down to lowest 
temperatures. This clearly shows that in LaFcAsOi-^F^ 
magnetism and superconductivity are competing order 
parameters. 
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